Ionic electroactive polymers (IEAPs), particularly ionic polymer-metal composites (IPMCs) and carbon-polymer composites (CPCs), bend when a voltage is applied on their electrodes, and conversely, they generate an electrical signal when subjected to a mechanical bending. In this work we study and compare the capabilities of IPMC and CPC actuators and sensors in closedloop control applications. We propose and realize an integrated IEAP sensor-actuator design, characterize its performance using three different materials, and compare the results. The design consists of two short IEAP actuators and one sensor mechanically coupled together in a parallel configuration, and an attached rigid extension significantly longer than the IEAPs. This allows the device to be compliant, simple to construct, lightweight, easy to miniaturize, and functionally similar to a one-degree-of-freedom rotational joint. For control design and accurate position sensing in feedback experiments, we adapt physics-based and control-oriented models of actuation and sensing dynamics, and perform experiments to identify their parameters. In performance characterization, both model-based ¥ H control and proportional-integral control are explored. System responses to step inputs, sinusoids, and random references are measured, and long-duration sinusoidal tracking experiments are performed. The results show that, while IEAP position sensing is stable for only a limited time-span, H ∞ control significantly improves the performance of the device.
Introduction
The rapidly advancing field of materials science has introduced many 'smart' materials with novel sensing and actuation capabilities. The ability of electroactive polymer (EAP) materials to change their shapes or sizes under electrical excitation is offering appealing alternatives to conventional sensors and actuators [1] . Two functionally similar classes of such materials are ionic polymer-metal composites (IPMCs) [2] and carbon-polymer-composites (CPCs) [3] . Both are ionic electroactive polymers (IEAPs) that change their curvature when a voltage is applied across their electrodes and conversely, generate an electrical signal when they are bent. Since their first introduction over two decades ago [4] , their properties have been greatly improved, e.g., both the power consumption and surface resistance have been significantly reduced [5] .
IEAP materials have been proposed for various applications in the field of robotics [6] due to their technological potential and advantages over conventional actuators, including easy scalability, light weight, and low actuation voltage, to name a few. Robotic fish propulsion [7] [8] [9] , heart rate monitoring [10] , embryo injection [11] , linked manipulator [12] , seismic sensor [13] and artificial lateral line [14] are some examples of reported studies on exploiting IEAPs. Thorough overviews on the materials and their proposed applications can be found in [15] [16] [17] .
In some applications (e.g. robotic fish propulsion) the actuator performs well in the open-loop configuration. However, feedback is often desirable to further improve the performance. In this regard, IEAP self-sensing actuation schemes appear attractive, the implementation of which includes measuring actuator's surface resistance [18] , and patterning actuator's electrodes to create resistive sensor areas on its edges [19] , among others. Unfortunately, these solutions typically have not been demonstrated to function in feedback configurations. The feedback in IEAP actuator control is most often accomplished using an external sensor, e.g., a camera [20, 21] or a laser distance meter [22] [23] [24] [25] [26] . However, such solutions greatly increase the overall size of the system. Some authors have overcome this issue by mechanically integrating various sensors with IEAP actuators. For example, Chen et al combined a PVDF sensor with an IPMC actuator [27] , and Leang et al added a strain gauge on an IPMC actuator's surface [28] . Since these approaches involve bonding of other materials on the IEAP surface, they also add significantly to the stiffness and thus result in reduction in the actuation capabilities.
In addition to the aforementioned reports, there are many other works that implement feedback control on IEAP actuators (e. g. [23, [29] [30] [31] [32] [33] [34] ), but only a few studies utilize the same materials for providing the feedback signal. For example, Newbury implemented a compensator for controlling oscillations of a rotary device using one IPMC sensor and four IPMC actuators [35] . He reported 1 s long feedback experiment fragments to demonstrate improved performance (over the open-loop configuration) in a narrow frequency interval. Bonomo et al [36] attached two identical IPMCs side-by-side to a plastic sheet and fed the amplified voltage signal generated by one IPMC to the other, in order to either suppress (negative feedback) or sustain (positive feedback) the oscillations initiated by an external stimulus. A maximum of 5 s long experiments were reported and the feasibility of the design was qualitatively concluded, based on the IPMC sensor's output voltage in combination with visual observations, while the actual deformations were not measured. Later, Yamakita et al [37] presented preliminary results on using IPMCs in parallel for actuation and sensing in precision feedback control. They were able to conduct two experiments using an unspecified setup-tracking a step input and a 0.2 Hz sinusoidal signal, each for 10 s. More recently, Gonzalez et al [38] used an IPMC sensor to provide feedback in their work on an IPMC microgripper. They used empirical models and PID control to track step inputs of magnitude from 0.1 to 1 mm, for a maximum of 20 s. The results showed that reaching the reference level takes at least 5 s and for some of the larger amplitudes, it is not possible to reach the reference level. These works did not quantitatively characterize the control precision.
In our preliminary work [39] we presented the feedback control of a coupled IPMC sensor-actuator. Empirical models of actuation and sensing dynamics were experimentally identified, a PI controller was designed, and experiments on tracking sinusoidal references were conducted. With IPMC feedback the maximum experiment duration of 120 s was achieved.
In this paper we (1) improve the pivot-like IEAP sensoractuator design enhancing its actuation capabilities and reducing undesirable twisting motions; (2) model the dynamics of the prototype utilizing physics-based models for IEAP sensing and actuation dynamics; (3) validate the proposed design and quantitatively characterize its performance in model-based feedback control experiments with three different input signals (step, sine, and random references), and an extended (up to 2 h) sine following; (4) compare the results for integrated sensing against external sensing, and PI against ¥ H control, on three identical sensor-actuator prototypes, each constructed utilizing different type of IEAP. An Auplated IPMC, a Pt-plated IPMC and a CPC material with carbon electrodes are used to obtain a broader comparison between materials similar in construction and function. The general structure of the presented work is illustrated in figure 1 . To the best of authors' knowledge this is the first report to achieve up to 30 min long tracking in IEAP sensing feedback configuration (being 90 times longer than reported by other groups), and 2 h long tracking in case of external feedback. Also, the presented quantitative results provide a qualitative 'sense' about the maturity of the IEAP materials for applications.
The rest of this paper is organized as follows. In section 2 we introduce the concept and the prototype of the IEAP sensor-actuator, the IEAP materials, their modelling and control, experimental setup, experimental procedures and evaluation metrics. Section 3 presents the results of model identification and feedback experiments. The results are analysed in section 4 and the conclusions are presented in section 5. 
Materials and methods

The design of the IEAP sensor-actuator
The device consists of IEAPs that are connected in parallel for simultaneous actuation and sensing, with mechanical couplers at both ends, as shown in figure 2 . One of the couplers also accommodates terminals connected to IEAP electrodes.
A practical solution for the integrated sensor-actuator used in the experiments in this paper is shown in figure 3 . Three IEAP samples are used in parallel-a narrow one in the middle for sensing and two wide ones symmetrically on both sides for actuation. This prevents any potential undesirable twisting during actuation. Short IEAPs are used in the design as they are more efficient than long ones [12, 40] , and they allow the sensor to closely follow the shape of the actuator. The resulting behaviour functionally resembles a one-degreeof-freedom rotary joint. On one end the IEAPs are mechanically coupled together using lightweight plastic plates and screws. A carbon fibre rod with a plate on the other end is attached to this coupler so that the motion of its tip can be observed using a laser distance meter. The other end of the IEAP samples is clamped by a spring-loaded plastic clamp with gold-plated silver electrodes. The clamp thus couples the IEAPs mechanically, connects them electrically to sensing or actuation circuits, and fixes that end to the Earth frame during the experiments. Its construction allows one to easily change the sample sets.
The clamp in the fixed end is oriented so that the rotational axis is horizontal and the motion of the extension rod takes place in a vertical plane. In this configuration the IEAPs do not strain due to gravity. The components of the setup such as the clamp are intentionally not miniaturized, as it is not essential for the experiments in this paper. The backbone components of both the clamp and the mechanical coupler are made of ABS plastic using a rapid prototyping machine 3D Touch (3D Systems Inc). All the components of the setup are chemically resistant to water, making it possible to experiment with both wet and dry IEAP materials.
IPMC and CPC materials
The IPMC and CPC materials consist of a thin membrane sheet (Nafion or Flemion) that is coated with conductive electrodes [2, 3] . Mobile counter-ions are loosely coupled to the ionomer backbone. When a voltage is applied between the electrodes, these counter-ions start migrating in the electric field towards one surface. In the case of Nafion polymer with Li + counter-ions, they migrate towards the anode. Actuation voltages vary among materials, but usually are up to 5 V.
IPMCs and CPCs also exhibit sensing properties [41, 42] . Bending an IEAP sheet causes the counter-ion migration within the material due to the pressure gradient across the material thickness. This results in electric potential difference between the surface electrodes; however, the sensing voltages are orders of magnitude smaller than the voltages required for actuation. Typical sensing approaches include measuring the voltage between the electrodes [41, 43] and measuring the sensor charge or current [44] [45] [46] . Some IEAPs show a significant change in their surface resistance when bending, which can be used for position sensing, as shown in [18, 19] . We choose to use the IEAP short-circuit current for estimating the material deformation due to its reported high accuracy [45] .
In the experiments we use three different IEAP materials that are labelled as material #1, #2 and #3, and respectively we label the sample sets cut from these materials as sample set #1, #2 and #3. Material #1 is made of Nafion TM 117 membrane that is coated with coconut shell-derived active carbon electrodes using direct assembly procedure [3] . To enhance the surface conductivity the material is further covered with gold foil and hot-pressed, and immersed in EMI-Tf ionic liquid. The detailed manufacturing procedure is described in [3] . These materials have low surface resistance that varies insignificantly while bending, and they can work well in dry environments due to low vapour pressure of the ionic liquid.
Material #2 is a typical platinum-coated IPMC provided by Environmental Robotics Inc. It is made of Nafion TM 117 polymer that is deposited with Pt electrodes using an electroless plating procedure. The loosely coupled hydrogen ions in the polymer are exchanged with larger Li ions.
Material #3 is produced 5 years earlier, similarly as #2, except that the electrodes are made of gold instead of platinum. The functionality of materials #2 and #3 highly depends on their water concentration and they need to be kept hydrated. The experiments with these materials are conducted in water to prevent water evaporation and guarantee consistent conditions throughout the experiments.
Model-based feedback control
The interactions among the polymer backbone, ions, and solvent (or ionic liquid) make the IEAP sensing and actuation dynamics complex and the overall behaviour poorly predictable. To a large extent these issues can be overcome with proper modelling and control of the materials. The aim of modelling the IEAP sensing and actuation dynamics in this work is threefold: describing the used materials in terms of their fundamental physical parameters; providing the actuation models for control design; and providing inverse sensing models that relate the IEAP sensor short-circuit current to the actual position of the tip of the sensor-actuator in the closedloop experiments. Regardless of that many reports have been published on modelling the IEAP sensors and actuators, the actuation and sensing phenomena is yet not fully understood. Multiple potential dominant processes have been proposed, and overviews on modelling can be found in the review papers [16, 17, 47] .
In this work we model the sensing and actuation dynamics of the IEAP materials using the Laplace domain models developed by Chen et al in [23, 45] . These were originally derived to describe the IPMCs, but are also valid for the functionally identical CPC materials. In particular, it is presumed in the derivation process in [23, 45] that the mechanism behind the actuation and sensing phenomenon is the proportional coupling between the accumulated charge and mechanical stress, while the solvent effects are negligible (see chapter 2 in [45] and chapter II in [23] ). Thus, the ionic liquid in CPCs functions both as solvent and counter-ions in IPMCs. Furthermore, the polymer backbone of all IEAPs used in this work is Nafion TM 117, and the CPC electrodes (nanoporous carbon covered with gold foil) are equivalent to the coatings of the IPMCs (Pt or Au electrodes, with dendritic structure in the surface layers of the polymer backbone).
Both these models were derived based on the PDEs of the governing physical processes within the sensor and actuator while taking into account the surface resistance effects. The resulting infinite-dimensional Laplace domain models were further reduced to lower-order models in the form of rational transfer functions usable for real-time computation and control design. In the following we introduce the adaption of these models to describe sensing and actuation dynamics of our IEAP sensor-actuator, and their use for control design. Construction of the resulting models is illustrated in figure 4 . For clarity, the notations are adapted from [23, 45] where possible. 
where L is the length of the IEAP and L e is the length of the elongation from the IEAP to the measuring plane. The sensing model can be written as:
with f(s) describing the sensing dynamics and g(s) incorporating the surface resistance effects (see figure 4 (A)). These parts can be re-written in a practical form for application:
with the terms in f (s): 
( )
As in [23, 45] , the terms are: Y is the Young's modulus, W s is the width of the IEAP sensor, d is the ion diffusivity, h is the half the material thickness, a 0 is the charge-stress coupling constant, k e is the dielectric permittivity, r 0 is the surface resistance per material length and width, F is the Faraday constant, -C is the anion concentration, R is the universal gas constant, and T is the absolute temperature. For more details about the model, refer to [45] . The resulting model is improper as its numerator is of higher order than the denominator; however, in the experiments we use its proper inverse.
Modelling the actuation dynamics.
The model for actuation dynamics is adapted from the work of Chen et al [23] . They linked the bending dynamics of a long flexible IPMC beam to the input voltage by deriving the model for voltage-induced bending and cascading it with the second-order vibration dynamics of a flexible beam. In this work we model the actuation dynamics of the IEAP sensoractuator considering the system as a rigid beam with nonuniform cross-section that is connected to the Earth frame by a pivot joint (IEAPs) with torsional stiffness. The joint is actuated by torques generated by the IEAP actuators, where the model relating the IEAP input voltage to the bending moment is adapted from the intermediate results of Chen et al [23] . Naturally, we split the actuation dynamics into two parts-the actuation model p(s) relating the produced moment M(s) to the applied voltage V(s), and the mechanical model of the device's passive dynamics q(s) relating the input moment M(s) to the position X(s) of the tip of the rigid link attached in the mobile end of the IEAP sensor-actuator (see figure 4(B) ):
We assume that the surface resistance along the IEAP actuator's electrodes is zero ( ¢ = r 0 1 ) as the actuator is very short, and the surface resistances of the materials in hand are low. With some manipulations one can extract the expression for p(s) from the intermediate results (particularly, equations (20) , (29) and (46) 
where K is given in equation (4) and γ is defined as:
is the resistance through the IEAP per length and W a denotes the width of the actuator. It must be noted that when neglecting the surface resistance, the actuation moment does not depend on the IEAP length.
The passive dynamics of the rigid mobile link attached to the IEAPs can be captured with a second-order system
which is valid for the frequency range of interest. Here I is the moment of inertia with respect to the clamping axis, ξ accommodates the damping of the environment and internal friction in IEAPs, w n is the natural frequency of the system and  is the distance from the IEAP clamping level to the position-measuring height on the mobile link. controller. The PI controller is manually tuned to achieve shortest settling time in tracking a step input. The H ∞ controller is designed according to the procedures given in [48] . The sensitivity weight on output error W e (low-pass) and the weight on control effort W u (highpass) were used in the design procedure according to [48, 49] . First-and second-order weights are used to design the controller that is later reduced to the fifth order for implementation purposes.
Experimental setups
The experimental setup used to measure Young's modulus is illustrated in figure 5 . The material sample is suspended in air using a fixed clamp. The tip of the sample is held between a fork attached to a force gauge Panlab TRI202P and its position is measured using a laser distance meter SICK OD2-P250W150U0. The force and position readings are recorded using a PC computer with NI PCIe-6343 data acquisition board and NI Labview 2010 environment. The force gauge position is changed manually and its position is fixed at the instances of recording the readings.
The four-point resistance measurement setup used to determine the material's surface resistance is illustrated in figure 5 . The material sample is pressed against the electrodes and a constant voltage of 0.1 V is applied. The voltages on the resistor and on the inner electrodes are measured and the surface resistance per length and width r 0 is calculated using the same PC computer with NI PCIe-6343 and NI Labview 2010.
The diagram of the setup used in the rest of the experiments is shown in figure 6 and a photo of the actual setup is in figure 7 . The spring-loaded clamp is fixed such that the mobile link of the IEAP sensor-actuator is hanging down, since in such a configuration the gravity does not cause any lateral strains in the IEAPs in the rest position. In the springloaded clamp, the actuators are electrically connected in parallel to each other. They are driven from a PC through the amplifier of a Kepco BOP 20-10MC bipolar power supply that is optimized for capacitive loads. The sensor's shortcircuit current is measured using a two-stage amplifier (based on OPA111BM operational amplifiers), that converts the current to voltage and amplifies the signal (by factor of 100 000). The amplifier's power is supplied from a battery pack to eliminate noise propagation from the power grid. The position of the tip of the mobile link is measured using an Omron Z4M-S40 laser distance meter with resolution of 40 μm. The experiments are controlled from a PC computer with NI Labview 2010 SP1 software through NI PCIe-6343 data acquisition board. Program loops in frequency response measurements and feedback control experiments are implemented with a sampling frequency of 10 kHz.
Parameter identification
The terms in the sensing and actuation models (sections 2.3.1 and 2.3.2) include known constants (universal gas constant R and Faraday's constant F) and parameters that must be identified for each material prior to the control design and closed-loop control experiments.
First, the average material thickness h 2 and the surface density of the material sheet are determined. Young's modulus Y of the sheet is identified from the bending experiments of the material beam, i.e. deformations are applied and the corresponding forces are measured at the tip of the vertically suspended material sample (see the setup in figure 5(A) ). The ratio between the applied forces P and the resulting deformations σ is determined using linear regression, and Young's modulus is obtained according to [50] :
where l is the length of the material sheet, I y is the area moment of inertia, and w is the width of the material sample. The dimension-normalized surface resistance r 0 is obtained using a four-point resistance measuring scheme (0.1 V applied, measurements taken in steady state) shown in figure 5(B) . Next, the sample sets (two actuators, one sensor) are cut from the respective material sheet targeting widths of 3 mm and 10 mm for the sensor and actuators respectively. The sensor-actuator prototype is assembled and the width of the sensor W s , widths of the actuators W a and the length of the IEAPs L are measured. The moment of inertia for the assembly of the IEAPs and the mobile link is calculated (with respect to the outer clamping edge of the fixing clamp) from their geometry and the densities of their parts. The sensoractuator device assembly is suspended vertically and the laser distance meter is set to point the tip of the extension rod. The effective length of the actuating portion L e (from the clamp to the laser distance meter level) is measured.
Once the setup is complete, the natural frequency w n and the damping ratio ξ are determined from free oscillations (due to external stimulus) of the mobile link. Next, the frequency responses are measured for actuation and sensing dynamics. Sinusoidal voltage inputs of 2 V amplitude are sequentially applied on the actuators, with frequencies logarithmically spaced in the 0.2-15 Hz, or wider interval (aiming to capture the characteristic phase transitions), for the duration of at least two full periods, but no less than 30 s. Simultaneously, the position of the tip of the link and the IEAP short-circuit current are measured using a laser distance meter and a current amplifier, respectively. The magnitude and phase information is extracted, and transfer function models for actuation and sensing dynamics are then identified through curve-fitting the remaining model parameters that cannot be determined individually (i.e., ion-diffusivity d, charge-stress coupling constant a 0 , dielectric permittivity k e , anion concentration -C , and resistance trough the polymer ¢ r 2 ). While curve-fitting cannot uniquely define all these parameters, the structure of the models (in chapters 2.3.1 and Figure 6 . Experimental setup that is used to measure the damping ratio, natural frequency and frequency responses in the model identification phase, and to perform the feedback experiments. amplifier's battery pack; (E) power supply unit Kepco; (F) data acquisition board's terminal boxes; (G) water tank (only used with the samples that must be kept hydrated, currently set #3). [23, 44, 45, 51] , the fitting process converges to realvalued physically realistic parameters. Initial values for anion concentration -C and ion diffusivity d are chosen according to [44] (except for d in case of material #1, that is taken from [51] ), while the rest of the parameters are taken from the results in [23, 45] . Curve-fitting these parameters is performed in Matlab environment, where we apply unconstrained nonlinear optimization (fminsearch function) in order to minimize the cost function that accounts for the errors between the measured frequency responses and the model predictions, both in sensing and actuation dynamics.
2.3.2) offers certain constraints, and when approximate numbers for initial values are chosen according to the literature
After the models for both the actuation and sensing dynamics are identified, we proceed with the experiments to characterize the performance of the closed-loop system.
Performance characterization
The performance is characterized in the following four types of experiments: step response, sinusoidal reference following at four different frequencies, random reference following at three different spectra, and finally long-duration sinusoidal reference following for testing of the stability.
The results are compared to determine the dependency of performance on material type and control scheme (particularly whether robust control is essential), and to investigate the differences between the IEAP sensor feedback performance against the laser distance sensor-based external feedback.
Experimental results
The material and system parameters were measured or curvefitted as described in section 2.5 and the resulting parameters for all sample sets are summarized in table 1. The measured and fitted frequency responses for sensing and actuation dynamics are shown in figures 8 and 9 respectively.
Based on the actuator models, an ¥ H and a PI controller are designed, as described in section 2.3.3. Next, the step responses of the closed-loop systems are measured using the reference signal = -u t U t s 0.5 ( ) ( ) mm, where U (·) is the Heaviside step function. Each of the experiments' duration is 15 s. Tracking errors (i.e. difference between the reference and the actual position) measured by the laser distance sensor are shown in figure 10 and the step responses are characterized quantitatively (delay time t d to reach 50% of the reference, rise time t r from 10% to 90%, peak time t p , percent overshoot PO and settling time t s for 5% bound) in table 2.
The dry sample set (#1) exhibits strong high-frequency noise (up to 20% of the reference position) in the position estimation (caused by high gain in the high frequency range in the sensor's inverse model). Thus, before extracting the figures from the experimental results for this sample set in IEAP feedback configuration, we apply down-sampling by ten times.
Sample set #3 shows strong nonlinear behaviour both in sensing and actuation. Out of all used materials, it exhibits the strongest low-frequency drift in short-circuit sensing current, causing erroneous position estimation. Also, the actuator is unable to keep reference position for the duration of the experiment even in the laser feedback configuration (voltage remains in saturation after 5.627 s for PI/laser, 2.354 s for PI/ IPMC, 11.291 s for H ∞ /laser and 1.550 s for H ∞ /IPMC feedback configurations). The control voltage reaches saturation at the 3.5 V limit, reference is not followed and eventually material bends backwards beyond its resting position. Experiment is halted to protect the actuators. In PI/laser configuration the sample set #3 fails to stabilize to 5% bound and its settling time is shown for 10% bound. For comparison, the step responses of the identified actuation models in closed-loop configuration with the designed PI and H ∞ controllers are simulated using Matlab R2015b software. The results are shown in figure 11 , and characterized in table 3.
Sinusoid tracking experiments are performed at four frequencies, i.e., 0.5, 1, 2, and 3 Hz. Each experiment duration is 30 s unless the control voltage saturates and it has to be aborted to prevent damaging the materials. One way to characterize these results is through the difference in the magnitude and phase between the reference and laser distance meter readings (at the reference signal frequency), and through the RMS error over the course of the experiment. These results are given in table 4. The magnitude and phase differences are extracted using Fourier transform while the RMS error is calculated in the time domain. The evolution of the RMS errors over each period during the experiments is shown in figure 12 . The reference and the laser distance meter readings during the experiments over a single period are shown in figure 13 for illustrative purposes. The displayed period begins at 2 s after the start of the experiment.
In the random reference tracking experiments the same set of input signals is applied to all the sample sets. The signals are generated using sequences of random numbers passed trough a fourth-order Bessel bandpass filter (at 10 kHz sampling rate). Three frequency intervals are used, with lower frequency 0.1 Hz and the upper frequency of either 2, 3 or 4 Hz. The duration of the experiments is 30 s. The results for various configurations are characterized by the RMS tracking error over the whole experiment duration in table 5 . Some experiments (marked in the table) are halted before they reached 30 s to prevent damaging the materials. As these numbers alone give too little details, we further plot the RMS error over each 0.5 s of the experiment in figure 14 , and the first 2 s of the experiment course in figure 15 .
The extended sine tracking experiments are conducted using only the H ∞ controller, first with IEAP feedback and then with the laser feedback. The reference signal is a 1 Hz sine wave with 1 mm amplitude that is applied for 30 min and 2 h for the IEAP and laser feedback, respectively, unless the control voltage saturates for an entire reference signal period. The results are characterized by the RMS error over each reference signal period shown in figure 16 . In table 6 the duration of each experiment is given. For sample set #2 in laser feedback configuration the experiment is halted due to external disturbance. During these experiments we also measure the actuation current and calculate the period-averaged power consumption that is given in figure 17 .
Discussion
A prototype of the IEAP sensor-actuator utilizing the same type of materials for sensing and actuation within the same device is built and characterized in this work.
When designing the experiments we intended to obtain consistent fits between the sensing and actuation dynamics in terms of parameters describing the material properties. Naturally, the charge-stress coupling constant a 0 remains different as it results from distinct processes in sensing and actuation context. The only parameter that does not match is the dielectric permittivity k e while the rest are the same for sensing and actuation dynamics. We speculate that there exist unidentified processes in sensing and/or actuation mechanisms of the CPCs and IPMCs that have not been accounted for.
While comparing the experimentally measured frequency responses to the identified models in figures 8 and 9, the discrepancies clearly indicate that both for actuation and sensing there exist some unmodeled dynamics. This does not disturb remarkably the control design and feedback experiments, and in fact, is completely expected, considering the relatively complex derivation process of the physics-based control-oriented models in [23, 45] . Feedback configuration well compensates for the inaccuracies in the actuation model while the discrepancies in the sensing model cause small systematic errors both in phase and magnitude in the IEAP feedback experiments. One possibility to improve the modelling accuracy is to further extend the modelling scope of the used physics-based models. Another, less laborious alternative is replacing the physics-based models with some 'greybox' or 'black-box' models. In this work we avoided this approach as it gives only little or no information about the IEAP fundamental physical parameters.
The resulting sensors' unrealistic dielectric permittivities (under realistic constraints fitting does not converge) seem to suggest that it is not correct to presume that the entire thickness of the IEAP behaves as a dielectric medium. Thus, the resulting dielectric permittivities actually describe effective parameters of a parallel-plate capacitor with the Following the reference failed before intended end. Figure 11 . Tracking errors in the simulated step responses for the identified actuation models in closed-loop configuration with the respective (A) PI and (B) H ∞ controllers. Table 3 . Characterization of the simulated step responses for the identified actuation models in closed-loop configuration with the designed PI and H ∞ controllers. Table 4 . Characterization of the experimental results of the closed-loop sinusoidal reference tracking. Note: Marked experiments were aborted at 1 17.0s, 2 14.7s, 3 4.56s, 4 5.82s, 5 6.88s and 6 3.90s to prevent harming materials with saturated driving voltage.
Control configuration PI
dimensions of the IEAP. In fact, the effective thickness of a parallel-plate capacitor with the surface area of the IEAP has later been shown to be (approximately) equal to the depth of the counter-ion boundary layers near the IEAP electrodes (see [52] ). Despite the described inaccuracies, the models in hand are the best set of control-oriented physics-based models available at the time and they well approximate the measured frequency responses of the sensing and actuation dynamics.
Comparing the closed-loop step response simulation predictions ( figure 11 and table 3 ) to the experimental results ( figure 10 and table 2) shows that the actual performance of the sensor-actuator device is inferior to the predictions. Resulting settling times and other figures are in experimental results multiple times larger (except the overshoot for the material #1 in laser feedback configuration with PI controller). That is because our simulation results characterize best scenario performances, i.e. when voltage saturation, external disturbances, model perturbations, noises of various origins, etc are not present. Properly addressing these processes is very laborious.
Examining the results reported in tables 2-6 and figures 10-16 allows to compare the IEAP feedback performance material-wise, controller-wise, and against external feedback. The main limiting factor in IEAP feedback concept appears to be the low-frequency drifting in the sensors' shortcircuit current, that varies material-wise in magnitude, and respectively in impact on the performance. Its potential causes include interactions between the amplifier and the material, environmental influences, potential material degradation (see [53] ) and internal dynamics effects, and needs further investigation.
Performance in closed-loop experiments with IEAP sensing remained inferior to the laser distance meter feedback due to the aforementioned low-frequency sensing noise. It degrades the system's long-term performance while in the short run (few seconds) they do not differ significantly (see figures 10, 12 and 14) .
It is also seen in the experiments (see tables 2, 4 and 5) that the ¥ H controller performs better and should be preferred over the PI controller (including the step response which the PI is tuned for). This suggests that the complexity of the IEAP actuation dynamics can be compensated with proper modelbased control, either using the physics-based 'white box' models that we use in this work, or some less complex 'greybox' or 'black-box' models, e.g. fully empirical models used in our previous work [39] .
While sample sets #1 and #2 perform similarly in all experiments, the set #3 performs much worse than the others. Its actuator's 'zero' position changes even under sinusoidal reference following (see laser feedback duration experiment in figure 16 ), eventually saturating the input voltage and failing to follow the reference. Also, its position sensing is very noisy, causing most of the experiments to be aborted soon after they begin. It is not clear what processes cause or dominate these unwanted effects. In terms of actuation, the shorter operational length of the sample set #3 does not seem to influence the actuation magnitude remarkably (see figure 9 ). Instead, we speculate that the nonlinear actuation behaviour is caused by the significantly higher material stiffness (table 1). According to [54] , when the pressure within the cathode boundary layer clusters within the polymer backbone increases (stronger effect in stiffer materials), the additional cations near the cathode start extensive restructuring and redistribution, that is responsible for back-relaxation, and possibly also for our observations. In terms of sensing, sample set #3 has significantly larger charge-stress coupling constant than the other materials, and it exhibits stronger short-circuit current (see table 1 and figure 8) , that the sensing model in chapter 2.3.1 also explains with higher Young's modulus. We hypothesize that mechanical stress in IEAPs drives some additional nonlinear ion and solvent dynamics that is responsible for the low-frequency sensing noise, and thus the noise is stronger in materials with higher Young's modulus. In long-term actuation experiments with IEAP feedback the sensing signal of the sample set #1 is less stable than in case of the set #2 ( figure 16 ). This experiment is halted at 300 s to avoid damage to the actuators while the material #2 runs the entire 30 min experiment. Comparing to the longest IEAP feedback control experiments reported so far (20 s, [38] ), it is 15 and 90 times longer respectively. In other experiments the drifting in the sensors' short-circuit sensing current varies material-wise, but between materials #1 and #2 clear superiority cannot be seen.
The actuation performances of these materials are also similar, but cannot be directly compared due to the difference in the environments. The external influences acting on the sample set #1 in the air are insignificant, while the set #2 in the water experiences also the added mass effects in addition to greater damping. In the long-term laser feedback experiments both materials work reliably for the entire experiment durations, i.e., over 1 h. The higher power consumption of the sample set #2 can be explained with the damping effects ( figure 17 ), but the causes of its fluctuations are unclear (potentially a poor actuator contact). Among these two IEAPs (#1 and #2), it is primarily the working environment that should dictate which one to prefer.
In the feedback experiments our IEAP sensor-actuator performed well over 7500 and 4900 cycles with material #1 and #2 respectively, without noticeable signs of performance degradation. Thus, considering the typical properties and degradation [53] of the IEAP materials and feedback results presented in previous studies (see section 1), the proposed design is shown to work very well. The factors that could limit its applications are primarily associated with the material properties. Actuation-wise, larger achievable deformations could be desirable, and sensing-wise, the reason for low-frequency sensing noise should be identified and suppressed. The large amount of experiments conducted in this paper well address the strengths and weaknesses of the IEAPs and hopefully will aid in material selection for applications.
Conclusions
In this work we propose and test an IEAP sensor-actuator device with integrated actuation and sensing capability. The proposed pivot-like design allows to combine the benefits of both the 'smart' IEAP materials and the matured tools of conventional robotics. We describe the design concept and the prototype, introduce the physics-based control-oriented models of sensing and actuation dynamics, their identification procedures, the experiment courses and the performance evaluation metrics. Closed-loop experiments with the IEAP sensor-actuator prototype are performed, and the results are presented for three different IEAP materials, two controllers and two feedback sources.
The proposed design is proven to work well considering the rather nonlinear and unstable properties of the IEAP materials. The H ∞ control is shown to offer significant improvements over PI controller. Thus identifying the system using physics-based models as in this work, or with some less involved black-or grey-box models and designing a modelbased controller is recommended. Position feedback from the laser distance meter expectedly results in more stable performance while the low-frequency noise in the sensors' shortcircuit current limits the timespan of reliable position feedback from the IEAP sensing scheme. The cause of this noise is unknown and we intend to further investigate it in our future work.
Sample sets #1 and #2 perform similarly and a particular material should be preferred depending on the work environment (air or water, respectively). The different environment is also the reason why these materials cannot be compared in more detail. Sample set #3 performs significantly worse than the others, exhibiting strong nonlinear relation between input voltage and output position for the actuators and very strong low-frequency noise in short-circuit current for the sensor.
In feedback experiments the sample sets #1 and #2 performed in total well over 7500 and 4900 sinusoidal cycles respectively, material #3 was able to perform less than 450 cycles. In laser distance meter feedback configuration we did not see signs of performance degradation even at the end of 2 h long experiment, and in IEAP sensor feedback configuration we were able to conduct 30 min long sinusoidal reference following without saturating the actuation voltage. In IEAP feedback configuration this is 90 times longer experiment than achieved in previous reports.
With all the presented results the proposed sensoractuator realization is thoroughly characterized, making it also a good basis for choosing the control and feedback scheme, and the materials to work with in the applications for those not familiar with the IEAP materials.
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